Objectives: To evaluate the 3-dimensional (3-D) characteristics of the laryngeal lumen in patients with unilateral vocal fold immobility (UVFI) during phonation with the aid of multislice helical computed tomography (MSHCT).
Results: During phonation, the affected vocal fold was thinner in 31 subjects and was situated in a higher position in 21 subjects than the healthy fold. In 4 subjects, the affected vocal fold showed paradoxical movement and 3 other subjects had probable paradoxical movement. Overadduction of the healthy vocal fold occurred during phonation in 15 subjects. Videostroboscopy detected paradoxical movement in 2 of the 3 subjects with abduction of the affected vocal fold during phonation based on 3-D images, and overadduction in all 13 subjects examined.
Conclusions:
The combination of 3-D endoscopy with coronal multiplanar reconstruction images enables description of the 3-D characteristics of the unilaterally immobile larynx and supplements videostroboscopic findings exemplified by differences in vertical position and thickness between the vocal folds. Surg. 2004; 130:967-974 P ATIENTS WITH UNILATERAL vocal fold paralysis complain of breathy dysphonia and mild aspiration. Both vocal folds must meet at the midline and be of equal thickness and tension to produce symmetrical oscillation during phonation. However, a paralyzed vocal fold may be fixed at a midline, paramedian, or intermediate position. In addition, a paralyzed vocal fold is often thinner and less tense than a healthy vocal fold. Furthermore, a difference in the vertical position of the 2 vocal folds usually exists during phonation. Various phonosurgical procedures [1] [2] [3] [4] [5] [6] [7] [8] aim at correcting such asymmetry between the 2 vocal folds. Since electromyography was not performed to confirm the presence of vocal fold paralysis, the situation is called unilateral vocal fold immobility (UVFI) in the present study.
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Videostroboscopy has been the method of choice for observing the vocal folds before planning phonosurgery. In most patients, this examination reveals the horizontal position of the immobile vocal fold and the presence or absence of flaccidity of the vocal fold on the affected side, and a glottal gap during phonation. However, it cannot assess the vertical difference in the position of the 2 vocal folds or their thicknesses (bulk). In addition, overadduction of the ventricular folds and anteroposterior shortening of the glottis may prevent visualization of the vocal fold from the oral side.
Using helical scanning highresolution computed tomography (CT) with a 3-dimensional (3-D) reconstruc-ORIGINAL ARTICLE tion technique, Yumoto et al 9 described the characteristics of 3-D CT endoscopic images of the unilaterally paralyzed larynx and the changes in the affected vocal fold after phonosurgery. Although they reported the 3-D characteristics of the unilaterally paralyzed larynx, they did not observe the larynx during phonation because their patients were required to hold their breath for approximately 30 seconds for scanning. The recent development of multislice helical CT (MSHCT) allows highspeed data acquisition without affecting final image resolution. Therefore, this study was designed to analyze the laryngeal lumen in 3-D during phonation in patients with UVFI. This study assessed the differences in the 3-D characteristics of the vocal folds, and the presence or absence of abduction of the vocal fold on the affected side ("paradoxical movement") and overadduction of the vocal fold on the healthy side during phonation. We evaluated 3-D endoscopic images combined with coronal images produced by the multiplanar reconstruction (MPR) method. Finally, the 3-D assessment of the immobile larynx was compared with videostroboscopic findings.
METHODS

SUBJECTS
The subjects included 24 men and 20 women with UVFI who underwent MSHCT examination during inspiration and phonation between April 1999 and March 2001 to produce 3-D endoscopic images. In addition, a 55-year-old man with sulcus vocalis who did not have UVFI was retrospectively selected to serve as a control. All but 3 subjects (4, 8, and 10) had no history of surgical intervention for UVFI. During the examination, each subject was asked to inhale slowly for 5 seconds and then sustain the vowel /a/ for 5 seconds after a short rest. Since patients with UVFI consume a greater amount of air to phonate, they often cannot produce sustained phonation for 5 seconds. In such cases, we asked them to phonate in as quiet a voice as possible throughout the entire scan. Even with practice, 4 men and 3 women could neither inhale nor phonate during the scan and were excluded from the study. Therefore, the subjects consisted of 20 men and 17 women ranging in age from 31 to 85 years with a mean age of 62.6 years. The time since the onset of UVFI ranged from 3 weeks to 20 years with a mean of 34.6 months. The clinical profiles of the subjects are shown in Table 1 . Axial images were generated at 1-mm intervals by overlapping each adjacent image by 0.5 mm, and were then sent to a workstation (Advantage, General Electric) together with voxel data. A volume-rendering technique was used with 3-D endoscopic mode. In our study, 2 voxels with −100 or lower Hounsfield units served as the surface of the laryngeal lumen. Voxels other than the selected voxels were eliminated. Views from the tracheal and oral sides, and 2 vertically split hemilaryngeal images were displayed. Coronal 2-mm-thick MPR images perpendicular to the glottic axis were systematically built in all subjects.
VIDEOSTROBOSCOPY
Videostroboscopic examination was performed during sustained phonation of the vowel /e/ or /i/ at a comfortable pitch and loudness in 32 subjects within 2 weeks of the CT scan. The remaining 5 subjects failed to visit the outpatient clinic within 2 weeks of the CT scan. A laryngostroboscope (LS-3A; Nagashima, Tokyo, Japan) with an oblique-view rigid endoscope (SFT-1; Nagashima) connected to a charge-coupled device camera (MV-596; Stryker, Santa Clara, Calif) was used. The images were recorded on digital videotapes (DVCPRO AJ-D230H; Panasonic, Tokyo).
ANALYSIS
The presence or absence of "staircase" motion artifacts was evaluated on CT endoscopic images to exclude subjects whose images could not be used for further analysis. Two of us (E.Y. and Y.O.) evaluated the CT endoscopic and coronal MPR images of each patient in random order for the presence or absence of thinning and paradoxical movement of the affected vocal fold, and overadduction of the healthy vocal fold during sustained phonation. We also evaluated vertical positional differences between the 2 vocal folds during phonation. Thinning was defined as a decrease in the vertical thickness of the affected fold during phonation in comparison with the healthy side. Paradoxical movement was defined as abduction and thinning of the affected fold during phonation, and adduction and thickening of the affected fold during inspiration. Abduction and adduction were evaluated from images viewed from the oral and tracheal sides, while thickness was evaluated from coronal MPR images. Overadduction was defined as adduction of the healthy vocal fold beyond the glottic axis during phonation. Figure 1A -C shows CT endoscopic and coronal MPR images of subject 37, which show staircase motion artifacts during phonation, and thinning and paradoxical movement of the affected vocal fold.
Two of us (E.Y. and Y.O.) evaluated the video recordings of 32 subjects in random order for the presence or absence of overadduction of the ventricular folds and anteroposterior shortening of the glottis during phonation, for paradoxical movement of the affected vocal fold, and for overadduction of the healthy vocal fold during phonation.
Subsequently, the 3-D assessment of the unilaterally immobile larynx was compared with videostroboscopic findings. The results of the CT endoscopic and coronal MPR image analysis are summarized in Table 2 . In all patients who could sustain their phonation during scanning, artifacts due to motion or beam hardening were not seen in axial images. Although minimal staircase motion artifacts (eg, Figure 1 ) were seen in 5 subjects on MPR images, such artifacts did not interfere with further evaluation of these subjects. The vocal fold on the affected side during phonation was thinner in 31 subjects than that on the healthy side, while the thickness of both vocal folds was equal in the remaining 6 subjects. Compared with the healthy side, the vocal fold on the affected side was located at a higher position during phonation in 21 subjects, at a lower position in 8 subjects, and at the same vertical position in 8 subjects.
RESULTS
Paradoxical movement was detected in 4 of the 37 subjects. Coronal MPR images of 2 other subjects (subjects 15 and 19) showed that the vocal fold on the affected side became thinner during phonation than during inspiration, suggesting the presence of paradoxical movement, although no such movement was apparent Abbreviations: H, the vocal fold on the healthy side was higher than the immobile vocal fold; I, that the immobile vocal fold was thinner or higher than the healthy one; = , no difference between both vocal folds was noted; ±, that the subjects had probably paradoxical movement (see text in detail). on oral and tracheal views (Figure 3) . By contrast, CT endoscopic images of subject 33 showed abduction of the affected vocal fold during phonation, although the thickness of the affected vocal fold was not increased during inspiration based on coronal MPR images. Overadduction of the vocal fold on the healthy side over the midline during phonation was seen in 15 subjects. Figure 3 shows slight overadduction of the vocal fold on the healthy side. Subject 34 showed prominent overadduction of the vocal fold on the healthy side during phonation, as illustrated in Figure 4 .
The results of the videostroboscopic analysis of 32 patients are summarized in Table 3 . Although overadduction of the ventricular fold, anteroposterior shortening of the glottis, or both occurred during videostroboscopy in 20 subjects, such strangulation of the laryngeal inlet was only severe enough to interfere with further evaluation in 1 of these subjects (subject 7). Paradoxical movement could not be assessed in subjects 10 and 37 because the vocal fold and arytenoid mound on the healthy side overlapped those on the affected side, interfering with visualization of the vocal fold on the affected side during and at the beginning of phonation, respectively. Two of 29 subjects (subjects 33 and 35) showed paradoxical movement of the affected vocal fold. Thirteen of 31 subjects showed overadduction of the vocal fold on the healthy side during phonation.
COMMENT
Videostroboscopy has been the standard means of evaluating vocal fold vibration in patients with UVFI. This examination reveals the horizontal position of the paralyzed vocal fold (deviation from the glottic axis), shape and size of the glottal gap during phonation, degree of the bowing of the vocal fold, and presence or absence of compensatory overadduction of the healthy vocal fold during phonation. Although the vertical thickness and subglottal shape of the vocal fold are also important in determining the convergence of the vocal folds during phonation, 10 videostroboscopy through an endoscope is unable to provide depth information. In addition, the larynx of some patients cannot be observed through an endoscope because of overadduction of the ventricular fold, anteroposterior shortening of the glottis, or both. In our series, such strangulation of the laryngeal inlet occurred in 20 of 32 subjects and the paralyzed vocal fold was not visible in 1 (subject 7). In 2 other subjects (subjects 10 and 37), paradoxical movement was not assessed because of lack of visualization of the affected vocal fold during phonation (Table 3) .
Three-dimensional reconstruction techniques have been used to demonstrate lesions of luminal organs, such as the lower and upper airways. [11] [12] [13] However, these applications were limited to detecting the growth of neoplasms and cicatricial strictures. Yumoto et al 14 first succeeded in depicting the laryngeal structures in 3-D, including the vocal fold, ventricular fold, and ventricle. Subsequently, they proved that 3-D CT endoscopy enables description of the 3-D characteristics of unilateral vocal fold paralysis, 9 although they observed the laryngeal lumen while the patient held his or her breath. Morinaka et al 15 observed 3-D endoscopic laryngeal images together with 3-D laryngeal framework images in patients with deviation of the larynx. These reports did not describe the characteristic behavior of the laryngeal lumen in relation to phonation. In this study, we scanned the whole larynx for 5 seconds, and could produce 3-D and coronal MPR images during both inspiration and phonation in patients with UVFI. In CT endoscopic images, artifacts due to motion, beam hardening, and partial volume averaging may degrade image quality and potentially lead to misinterpretation. However, thanks to highspeed data acquisition (Ͻ1 second for gantry rotation and 5 seconds for total data acquisition) and thin slice thickness on MSHCT, these artifacts were negligible. The patients were asked to practice phonating in as quiet a voice as possible to sustain the phonation for 5 seconds. However, 7 of the 44 enrolled patients could not sustain phonation for 5 seconds, or could not inhale slowly during the scan. Consequently, 37 patients were included in the study.
Multislice helical computed tomography is an invasive technique because radiation is given to a patient. The CT dose index (CTDi) was calculated to estimate an approximate dose of irradiation during the scan of the larynx in the present study. The total of CTDi values of the laryngeal scanning during inspiration and phonation was 25.76 mGy. The value was compared with that of scanning of other regions in the head and neck. The CTDi values of the scannings over paranasal sinuses and temporal bone based on the settings at the Kumamoto University Hospital were 30.25 mGy and 63.57 mGy, respectively. The scanning of the temporal bone required as thin a slice as 0.5-mm thickness and its CTDi was more than twice as that of the laryngeal scanning in the present study. Although CTDi of the laryngeal scanning is less than that of paranasal sinuses and temporal bone, we should be careful in applying the laryngeal scanning to a patient with UVFI.
We examined the 3-D characteristics of the unilaterally paralyzed larynx during phonation with the aid of MSHCT. Although minimal staircase motion artifacts were seen in 5 subjects, such artifacts did not interfere with further evaluation. Consequently, differences in the vertical thickness and location of both vocal folds during phonation, the presence of paradoxical movement of the affected vocal fold, and the presence of overadduction of the healthy vocal fold were evaluated ( Table 2) .
The vocal fold on the affected side was thinner in 31 subjects than that on the healthy side, while both vocal folds were of similar thickness in the remaining 6. Of these 6 subjects, subject 3 recovered from UVFI 1 month after the scan; subjects 11 and 14 showed weak movement of the affected vocal fold; and subjects 9 and 21 had undergone resection of meningioma in the jugular foramen and thyroid cancer 10 months and 19 years before scanning, respectively. Although electromyography was not performed in these 2 subjects, some regeneration of nerve fibers in the recurrent laryngeal nerve is possible after onset of UVFI. The left vocal fold in subject 17 was immobile for 2 months and scanning was performed the day before thyroidectomy. Although the surgical record indicated that her left recurrent laryngeal nerve was trapped in the tumor, some of the nerve fibers might have been functional. Electromyography should be performed to determine the neurophysiological situation in these exceptional cases.
The vocal fold on the affected side was located in the higher position during phonation in 21 subjects (57%), and in the lower position in 8 subjects. In 8 subjects, there was no vertical difference in position. Using conventional tomography during phonation, Isshiki and Ishikawa 16 reported that the paralyzed vocal fold was higher than the intact fold in 26 (46%) of 56 patients with UVFI, while there was no difference in the remaining patients. Hong and Jung 17 reported that videostroboscopy revealed that the paralyzed vocal fold was not higher than the innervated vocal fold in most cases during phonation. There are marked differences in the vertical position of the vocal fold on the affected side compared with that on the healthy side during phonation within patients. Based on an anatomical study, von Leden and Moore 18 reported that the vocal process lowers with adduction of the vocal cord. Using cadaver larynges, Woodson et al 19 demonstrated that the vocal process consistently moved caudally following arytenoid adduction, by an average of 3.5 mm. The vertical level of the vocal process on the affected side depends on the position, rotated status (medial or lateral), and rocked status (anterior or posterior) of the arytenoid cartilage. Using a digital radiography system, Kumakawa et al 20 evaluated the vertical difference in the vocal folds of 35 patients with UVFI whose affected vocal folds were fixed in either the median or paramedian position. They found that a cranial shift of the affected vocal fold occurred in 16 patients (46%) during phonation compared with its vertical level during inspiration, and suggested that subglottal air pressure is one of the factors causing the higher position of the vocal fold on the affected side during phonation.
Paradoxical movement of the paralyzed vocal fold was observed in 4 subjects based on CT endoscopic and coronal MPR image analysis. Three other subjects (15, 19 , and 33) had probable paradoxical movement. Coronal MPR images of subjects 15 and 19 showed that the vocal fold on the affected side was thicker during inspiration than during phonation, although CT endoscopic images viewed from the oral and tracheal sides did not indicate apparent abduction of the affected vocal fold during phonation. On the contrary, although the thickness of the affected vocal fold was not increased during inspiration based on coronal MPR images, CT endoscopic images of subject 33 showed abduction of the affected vocal fold during phonation. With an increase in subglottal air pressure during phonation, the tensionless vocal fold on the affected side might have been blown upward as well as laterally. Therefore, we defined paradoxical movement as abduction and thinning of the affected fold during phonation, and adduction and thickening of the affected fold during inspiration.
Hiroto et al 21 reported that the electrical potentials in immobile vocal folds suggested the presence of synkinesis. Blitzer et al 22 obtained electromyograms from 14 patients with persistent vocal fold immobility, and found that 7 patients with good voice had a relatively normal arytenoid position and evidence of synkinesis, while those with poor voice had their arytenoid tipped into the laryngeal inlet and denervation or poor reinnervation. Crumley 23 classified the functional status of laryngeal synkinesis following recurrent laryngeal nerve injury into 4 categories: from type 1 with satisfactory voice and airway to type 4 with hyperabducted vocal folds, poor voice, and possible aspiration. In types 3 and 4 synkinesis, the affected vocal fold may abduct during phonation and the membranous portion may bulge medially (increase the vertical thickness of the vocal fold) during inspiration. He considered synkinetic imbalance between the adductor and abductor muscles to be the most likely cause of a posterior glottal gap during phonation. Omori et al 24 reported that vocal function following type 1 thyroplasty was significantly worse in patients with UVFI who had a relatively larger posterior glottal gap during phonation than in other patients. Therefore, the size of the glottal gap and the presence of paradoxical movement are important factors that must be assessed before phonosurgical treatment.
Overadduction of the vocal fold on the healthy side over the midline during phonation was observed in 15 (40%) of our 37 subjects based on CT endoscopic and coronal MPR image analysis. Tanaka et al 25 examined 120 patients with UVFI stroboscopically and found that 51 (42.5%) had overadduction of the healthy vocal fold during phonation. They also reported that closure of the posterior glottis was imperfect in all patients with overadduction, and that the vocal function was worse in patients with overadduction of the healthy vocal fold than in those without overadduction. They concluded that overadduction of the healthy vocal fold is not a compensatory behavior, and that it tends to occur when the affected vocal fold is fixed away from the midline. In our study, the vocal fold on the affected side in 13 of the 15 subjects in whom overadduction of the healthy vocal fold occurred was thinner during phonation than that on the healthy side, and 7 of the 15 subjects showed apparent or probable paradoxical movement on the affected side. The presence of overadduction of the healthy vocal fold during phonation needs to be assessed before phonosurgical treatment because type 1 thyroplasty alone may not significantly improve hoarseness.
Multislice helical computed tomography detected paradoxical movement of the affected vocal fold in 4 subjects and probable paradoxical movement in 3 other subjects. In these 7 subjects, varying degrees of strangulation of the laryngeal inlet occurred during stroboscopic observations, and the affected vocal fold could not be visualized during phonation in subjects 10 and 37. Two of the remaining 5 subjects (subjects 33 and 35) were assessed as having paradoxical movement of the affected vocal fold in the videostroboscopic examination. The result that stroboscopic observations did not indicate the presence of paradoxical movement in subjects 15 and 19 corresponded to the results of CT endoscopic and coronal MPR image analysis as described previously. Figure 5 shows CT endoscopic and coronal MPR images, and stroboscopic images of subject 2. Adduction of the left vocal fold during inspiration and abduction during phonation were apparent on the CT endoscopic images. The coronal MPR images showed that vertical thickness of the left vocal fold was greater during inspiration than during phonation. On the contrary, careful repeated observation of stroboscopic recording was not able to detect the presence of paradoxical movement of the left vocal fold in this patient. One possible reason for this discrepancy is that the cartilaginous part of the vocal fold including the vocal process was not visualized during phonation under conventional laryngeal observation. However, 3-D CT endoscopic images seen from the oral side are produced without the arytenoid mound and the vocal process is always depicted in 3-D CT endoscopic images seen from the oral and tracheal sides. Another reason is that fluctuation and jittery motion of the laryngeal images under conventional laryngeal observation may interfere with accurate evaluation of relatively small paradoxical vocal fold movement. Electromyography should be performed to conclude the presence of paradoxical movement of the affected fold. Overadduction of the healthy vocal fold during phonation was detected in 15 subjects in the MSHCT examination. The vocal fold on the healthy side was not visualized under endoscopic observation in 1 (subject 7) of the 15 subjects and another (subject 34) did not undergo videostroboscopy. The vocal fold on the healthy side of the remaining 13 subjects was assessed as being overadducted during phonation. Therefore, overadduction of the healthy vocal fold during phonation can be detected by videostroboscopy as long as the vocal fold is visualized endoscopically.
In conclusion, the use of 3-D endoscopy combined with coronal MPR images enables description of the 3-D characteristics of the unilaterally immobile larynx, and supplements videostroboscopic findings as exemplified by differences in vertical position and thickness between both vocal folds. August 22, 2003 
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